We demonstrate a method to fabricate a high-aspect ratio metal tip attached to microfabricated cantilevers with controlled angle, length, and radius, for use in electrostatic force microscopy. A metal wire, after gluing it into a guiding slot that is cut into the cantilever, is shaped into a long, thin tip using a focused ion beam. The high-aspect ratio results in considerable reduction of the capacitive force between tip body and sample when compared to a metal coated pyramidal tip.
Electrostatic force microscopy ͑EFM͒ provides detection of spatially localized charges with single electron sensitivity.
1, 2 More recently, detection of scattering centers in mesoscopic devices 3, 4 as well as charge traps on semiconductor surfaces [5] [6] [7] [8] has demonstrated the great potential of this technique. EFM measurements require an electrically conductive tip in order to apply a bias voltage between tip and sample. The structure of the cantilever and, more importantly, the tip shape influence the resolution of the acquired data. [9] [10] [11] Metal coated pyramidal or conical tips are often used for EFM applications. With these tips, however, the electrostatic interaction by the body of the tip dominates over that of the tip apex, resulting in poor lateral resolution. In addition to this limitation, these kinds of coated tips are known to be fragile 12 even though EFM measurements are supposed to be performed in noncontact condition.
A high-aspect ratio tip with a small radius of curvature can potentially resolve features as small as the tip diameter, and indeed examples fitting this description can be achieved by carbon nanotube tips [13] [14] [15] metal wire tips, 16, 17 or metal deposition to create a tip. 18 Metal wire tips, however, have a clear advantage for experiments at cryogenic temperatures because of more reliable electrical conduction. Akiyama et al. demonstrated a technique to fabricate high-aspect ratio metal tips glued to Si cantilevers using focused-ion-beam ͑FIB͒ milling. 16 Although gluing tips to microfabricated cantilevers is not a new idea, the advent of FIB makes it more technically attractive and also the possibility to use any material for a tip opens up new applications in other fields.
Theoretical works by Hudlet et al. 19 and Colchero et al. 20 provide formulas for the force on the spherical apex and the conical tip body. The ratio of these two components versus cone angle of the tip ͑Fig. 1͒ emphasizes the effectiveness of reducing the cone angle so that the sample is interacting more with the apex of the tip and thus leading to an increase in resolution. Although a high-aspect ratio tip prevents the large capacitive forces of the tip body from deteriorating the resolution, such a tip must be perpendicular to the sample to fully take advantage of its capability for reducing the background capacitive force. The cone angle of the cantilever tip is usually considered, however, this tipsample alignment ␣ would act like a "half-cone angle," as depicted in Fig. 1 .
In this paper, we show an improved technique to fabricate a metallic high-aspect ratio tip glued to an atomic force microscope cantilever with controlled length and, in particular, angle ␣. The easy fabrication presented gives reproducible results with the entire process taking 2 h. Our EFM results show considerable reduction in the capacitive force between tip and sample compared to a Pt coated Si cantilever-pyramidal tip.
As in most atomic force microscopes ͑AFM͒, our homebuilt cryogenic AFM ͑Ref. 21͒ has the cantilever on a 15°d
eviation from the plane of the sample. We thus need to attach the tip on the same angle from the normal of the cantilever to correct the tip-sample angle ␣. In order to predetermine ␣, a FIB ͑FEI Dual Beam͒ is used to cut a triangular guiding slot into the cantilever where the metallic wire will be glued ͑5 nA and 30 kV ion-beam settings͒. The axis of the electron beam is tilted by 15°with respect to the normal to the cantilever axis such that the resulting slot is tilted. This tilted slot is key to easily and reproducibly control the tip-sample misalignment. By placing the apex of the triangular slot near the middle of the existing silicon tip there will be added stability for the attached wire, however, this is not mandatory. A sufficient width for the cut pattern will cause the inside of the slot to fall out with normal handling, whereas if the cuts are too thin then the inside material will stick electrostatically to the cantilever. In the latter case, a tungsten wire ͑diameter of 15 m͒ which is securely attached to a micromanipulator can be used for pushing out the stuck material. An effective technique for cutting the slot is to first mill most of the triangle ͓Fig. 2͑a͔͒, and once this is cut through, follow by milling the two sides furthest from the apex. Figures 2͑a͒ and 2͑b͒ show the shape of the slot that is cut into the cantilever. Cutting of the slot takes about 15 min.
The following assembly is used to glue a wire into this fabricated slot. A linear translation stage and a x-y translation stage are fastened perpendicularly to each other onto a L-shaped aluminum support. The cantilever is mounted on an aluminum holder with a CuBe leaf spring. The holder has a slanted surface so that the cantilever is pointing 15°from the vertical line and is held onto the upper stage with a SmCo magnet. The cantilever assembly is mounted on the upper translation stage, which moves only in the vertical direction and is used to approach the cantilever first to a glue droplet and then to the wire. The glue and wire rest on a glass slide on top of the lower x-y stage. As a precursor to the tip, we cut a 5 m diameter PtIr wire using a razor blade to a length of ϳ1 mm under an optical microscope and then slide the wire over a groove cut in a glass slide. To attach the wire, the slot of the cantilever is first dipped in a small drop of silver epoxy 22 and then positioned so that it straddles the wire above the groove, thereby preventing the cantilever from being glued to the glass side. If the wire is misaligned, moving the x-y stage proves very effective in positioning the wire into the proper orientation as the sides of the cantilever slot can push the wire. A carbon resistor, glued onto the side of the cantilever holder, is used to heat and consequently cure the epoxy. This stable setup does not require any supervision to compensate the thermal drift while the glue is drying. Due to the immobilization of the wire by the glass slide and precut slot of the cantilever, a predetermined angle ␣ is highly reproducible.
If starting with an uncoated cantilever a conductive layer would be deposited at this stage. Usually, however, we used coated cantilevers and found that the damage caused to the coating from the FIB is minimal because the glue covers the area of damage. Figures 2͑c͒ and 2͑d͒ show the cantilever with the wire glued into the slot. Finally, the cantilevers with glued wires are returned to the FIB. The wire is first cut flush along the back side of the cantilever and roughly 50 m from the surface of the cantilever. The wire is then milled further to fabricate the desired tip shape using the technique reported in Refs. 16 and 23. The shaping technique uses the FIB to successively mill smaller and smaller donut shaped patterns around the wire and usually takes less than 1 h. Figure 3 shows a final cantilever and tip. The radius of the tip apex is 9 nm and the half-cone angle is 5°. This approach allows a reproducible fabrication of metallic tips at a predetermined angle and radius as well as high-aspect ratio determined by the FIB processing.
To demonstrate the performance of the high-aspect ratio tip, we compare the electrostatic forces measured by the high-aspect ratio tip and the coated pyramidal Si tip on evaporated gold on a mica substrate. The commerically available cantilever with pyramidal tip 24 was coated with 20 nm thick Pt layer on top of 10 nm thick Ti adhesion layer. The resulting radius and half-cone angle of the coated tip are 20 nm and 20°, respectively.
The measurements were performed on atomically flat gold terraces using frequency modulation mode 25 at 77 K at the pressure of 1 ϫ 10 −4 Torr. For quantitative force measurements, resonance frequency shift ⌬f versus distance z curves were recorded at a position on the surface as a function of dc bias voltage V bias applied between the tip and the sample. Each ⌬f − z curve was then converted into a force F − z curve at each V bias with the method described by Sader and Jarvis. 26 FIG. 1. ͑Color online͒ Ratio of the force on the spherical apex ͑radius of 10 nm͒ of the tip compared to the total force ͑that acting both on the apex and conical tip body͒ vs tip-sample distance for different half-cone angles . ͑Inset͒ Definition of and the tip-sample misalignment angle ␣.
FIG. 2. ͑Color online͒
The first few steps of making these tips: The FIB cuts a slot into the cantilever ͑a͒ and falls out from handling ͓depicted in ͑b͔͒. A scanning electron micrograph showing the wire glued into the slot ͑c͒ ͓de-picted in ͑d͔͒.
FIG. 3.
A scanning electron micrograph showing the resulting tip. In ͑a͒, the wire was cut along the back side of the cantilever, the upper part of the preexisting tip was removed, and the wire was shaped after being cut at 50 m in length. A closeup of the tip is shown in ͑b͒. The radius of the apex is 9 nm and the half-cone angle is 5°. Figure 4 shows F − V bias curves at z = 10 nm for each tip. The capacitive force given by F =−͑1/2͒‫ץ‬C / ‫ץ‬z͑V bias − V CPD ͒ 2 accounts for the parabolic shape of these curves and its curvature gives ‫ץ‬C / ‫ץ‬z quantitatively, where C is the tipsample capacitance and V CPD is the contact potential difference between tip and sample. Fitting of F − V bias curve at each tip-sample distance z gives a ‫ץ‬C / ‫ץ‬z − z curve which is shown for both tips in Fig. 5 . The measured ‫ץ‬C / ‫ץ‬z with the high-aspect ratio tip is approximately 65% less than that with the coated pyramidal tip.
In terms of the general properties of these cantilevers, we found the resonance frequency and quality factor to be within the range of the commercially available cantilever. The added mass by the attached tip and the glue is almost canceled by the cut slot and existing tip. The deviation of the angle ␣ from the expected value was small ͑less than 0.5°for a batch of approximately ten tips fabricated this way͒. One notable property of these tips is that they are reusable as damaged tips can be taken back to the FIB for reshaping. It is also shown in the previous work 16 that the mechanical vibration of the FIB milled metal wire tip is negligibly small and can be used for atomic resolution imaging. Such tips are thus suitable for most scanning probe microscopy ͑SPM͒ applications including EFM.
In summary, we demonstrate a method to fabricate a high-aspect ratio metal tip attached to microfabricated cantilevers. The tips take less than 2 h to make and allow control of all relative angles to 0.5°. The technique enables control of the angle, length, and radius of the tip. The controlled angle is particularly relevant in electrostatic force microscopy for reducing the electrostatic force between tip body and sample. The fabricated high-aspect tip shows 65% smaller capacitive force when compared to a Pt coated pyramidal tip. The metal tip would also be suitable for electrical conductance measurements even at cryogenic temperature due to its robustness as a electrical conductor. 
